Serotonergic innervation of the prefrontal cortex (PFC) modulates neuronal activity and PFC functions. However, the cellular mechanism for serotonergic modulation of neuronal excitability remains unclear. We performed patch-clamp recording at the axon of layer-5 pyramidal neurons in rodent PFC slices. We found surprisingly that the activation of 5-HT 1A receptors selectively inhibits Na + currents obtained at the axon initial segment (AIS) but not those at the axon trunk. In addition, Na + channel subtype Na V 1.2 but not Na V 1.6 at the AIS is selectively modulated by 5-HT 1A receptors. Further experiments revealed that the inhibitory effect is attributable to a depolarizing shift of the activation curve and a facilitation of slow inactivation of AIS Na + currents. Consistently, dual somatic and axonal recording and simulation results demonstrate that the activation of 5-HT 1A receptors could decrease the success rate of action potential (AP) backpropagation toward the somatodendritic compartments, enhancing the segregation of axonal and dendritic activities. Together, our results reveal a selective modulation of Na V 1.2 distributed at the proximal AIS region and AP backpropagation by 5-HT 1A receptors, suggesting a potential mechanism for serotonergic regulation of functional polarization in the dendro-axonal axis, synaptic plasticity and PFC functions.
Introduction
The prefrontal cortex (PFC) plays an important role in high-order brain functions including spatial working memory and cognitive flexibility; malfunction of this brain region may lead to brain disorders including schizophrenia and depression (Koenigs and Grafman 2009; Edwards et al. 2010 ). Neuromodulators such as dopamine and serotonin (5-HT) contribute to the regulation of neuronal excitability and PFC functions. Diffusive release of 5-HT by volume transmission (Seguela et al. 1989) binds to different receptor subtypes and modulates neuronal activity (Avesar and mainly locate in layer 5 (Belgard et al. 2011) , and in 5-HT 2A -EGFP transgenic mice, the largest cell population expressing 5-HT 2A receptors corresponds to layer-5 PCs (Weber and Andrade 2010) , and these receptors target to the somatodendritic compartments (McDonald and Mascagni 2007; Weber and Andrade 2010) . However, there is a considerable disagreement in regard to the subcellular location of 5-HT 1A receptors. A homogenous labeling of cell bodies and dendrites was observed (Azmitia et al. 1996; Kia et al. 1996; Riad et al. 2000) , but a different antibody showed exclusive labeling of the axon hillock of PCs (Azmitia et al. 1996; DeFelipe et al. 2001; Czyrak et al. 2003; Cruz et al. 2004) . Considering that none of these antibodies have been tested in receptor knockout mice, the subcellular distribution of 5-HT 1A receptors remains controversial. However, their roles in regulating neuronal excitability, synaptic transmission and PFC functions have been extensively studied. Activation of these receptors could modulate voltage-gated ion channels (such as Na + , K + , Ca 2+ channels) and ligand-gated channels (Penington and Kelly 1990; Feng et al. 2001; Cai et al. 2002; Yuen et al. 2008; Zhong et al. 2008; Cotel et al. 2013 ) and regulate emotional states of the brain (Albert et al. 2014) . Recent studies showed that axonal ion channels are targets for neuromodulation. For example, activation of dopamine D 3 receptors inhibits Ca 2+ influx through axon initial segment (AIS) T-type channels (Bender et al. 2010; Grubb et al. 2011) , whereas D 1 and D 2 receptor activation regulates axonal K + channels (Yang et al. 2013) . Since voltage-gated Na + channels (VGSCs) at the axon are critical for the generation and propagation of action potentials (APs), it is of interest to examine the regulation of these channels by neuromodulators. 5-HT 1A receptors are associated with G proteins belonging to G i and/or G o families, exhibiting a negative coupling with protein kinase A (PKA). A recent study in spinal motoneuron showed that activation of 5-HT 1A receptors at the AIS inhibits Na + currents and AP generation (Cotel et al. 2013 ). Considering that two major VGSC subtypes Na V 1.2 and Na V 1.6 accumulate at the AIS of cortical PCs and determine AP initiation and backpropagation, respectively (Hu et al. 2009 ), biophysical properties of these channels could be regulated by phosphorylation at their α-subunits by intracellular PKA and PKC pathways (McAnelly and Zakon 1996; Cantrell and Catterall 2001; Carr et al. 2002) . We therefore sought to examine whether the activation of 5-HT 1A receptors could modulate these Na + channel subtypes and thereby neuronal excitability. Using electrophysiological, pharmacological and optogenetic approaches, we found that activation of 5-HT 1A receptors selectively modulates channel subtype Na V 1.2, which distributed at the proximal AIS of layer-5 PCs in PFC slices, but not Na V 1.6 expressed at the distal AIS and the main axon trunk. Further experiments revealed that this modulation led to a depolarizing shift of the channel activation curve and a facilitation of slow channel inactivation and consequently resulted in a reduction of the success rate of AP backpropagation.
Materials and Methods

Slice Preparation
The use and care of animals complied with the guidelines of the Animal Advisory Committee at the Shanghai Institutes for Biological Sciences. Coronal slices of PFC were prepared from P16-20 (for the AP backpropagation experiment, using P23-P25) Sprague Dawley rats, wild-type and 5-HT 1A R −/− Swiss Webster mice (Parks et al. 1998) , wild-type and C3Fe.Cg-Scn8a KO (i.e., Na V 1.6 −/− ) mice (stock number 003798, Jackson Lab, Bar
Harbor, ME). We also obtained slices from Sert-Cre::Ai32 mice [Sert-Cre: stock number 017260-UCD, Gene Expression Nervous System Atlas (GENSAT) Project, Mutant Mouse Regional Resource Centers; Ai32: stock number 012569, Jackson Lab, Bar Harbor, ME]. We anesthetized the animals with 1% sodium pentobarbital (30 mg per kg of body weight, intraperitoneal injection). Animals were then killed by decapitation, and brain tissues were immediately dissected out and immersed in ice-cold oxygenated (95% O 2 and 5% CO 2 ) slicing solution in which isotonic sucrose was used as a substitute for NaCl. Slices (300 μm in thickness) were cut with a Leica microtome (VT-1200s, Leica, Germany) and immediately transferred to an incubation beaker filled with aerated normal ACSF containing (in m): NaCl 126, KCl 2.5, MgSO 4 2, CaCl 2 2, NaHCO 3 26, NaH 2 PO 4 1.25, dextrose 25 (315 mOsm, pH 7.4, 34.5°C).
After about 90-min incubation, we transferred slices to a submerged chamber perfused with aerated ACSF and visualized cortical neurons with an upright infrared differential interference contrast (DIC) microscope (BX51WI, Olympus, Japan). Experiments were performed at a temperature of 35-35.5°C.
Electrophysiological Recordings
Direct recording of axonal cut-ends (blebs) enabled us to study Na + channels at the AIS and axon trunk. We performed wholecell recordings from layer-5 PC with a Multiclamp 700B amplifier (Molecular Devices, USA). To isolate the Na + currents, we added 4-AP (3 mM), TEA (20 mM), CdCl 2 (200 μM), and ascorbic acid (500 μM) to the bath solution to block voltage-gated K + , Ca 2+ channels, and prevent 5-HT from oxidation. To avoid the occurrence of double-peaked axonal Na + currents that contained not only the initial peak of local axonal current but also a late second peak of somatodendritic (SD) current (Supplementary Fig. 1 ), we added 20 nM TTX to the bath and held the somatic membrane potential (V m ) constantly at −70 mV using another patch pipette. Axonal patch pipettes had an impedance of 8-11 MΩ with an internal solution containing (in mM): 140 CsCl, 2 MgCl 2 , 2 Na 2 ATP, 10 HEPES, and 10 EGTA (287 mOsm, pH 7.2 with CsOH). We added biocytin (0.2%) to the pipette solution for post hoc DAB staining.
To measure Na + currents during the train of stimulation, we performed simultaneous soma and bleb recordings and applied 50 depolarizing pulses (2 ms in duration and 50 Hz in frequency) with the first pulse stepping from a 30-ms prepulse of −90 to 0 mV and the rest pulses from −60 to 0 mV unless otherwise specified. We mainly measured the amplitudes of the first (I 1 ) and the last Na + currents (I 50 ) for analysis. Currents were filtered at 10 kHz and sampled at 25 or 50 kHz using a Digidata 1440A interface and pClamp10 software (Molecular Devices, USA). To measure and compare the gating properties of Na + channels at the proximal AIS and the axon trunk, we performed recordings in outside-out patches excised from these locations using pipettes with relatively lower impedance (7-9 MΩ). We applied a series of 30-ms depolarizing voltage steps (from −70 to 25 mV, 5 mV per step) with 50-ms prepulses at −100 mV to generate the activation curves. To obtain the fast-inactivation curves, we monitored the peak Na + currents elicited by a test pulse (30 ms in duration) to 0 mV following a range of 50-ms voltage steps from −100 to −5 mV (5 mV per step). Experiments examining the slow inactivation were performed in isolated axonal blebs that allow long-lasting voltage commands. A 10-ms test pulse from −100 to 10 mV (or 40 mV) was applied 40 ms before and after a series of 5-s conditioning voltage steps (from −110 to 0 mV). Currents evoked by the 2 test pulses were used for generating the slow inactivation curve. Current traces underwent an on-line digital subtraction of leakage currents using a P/4 procedure. The normalized G-V curves were averaged and fitted using a Boltzmann equation:
where G is the conductance, G max is the maximal conductance, V 1/2 is the half-activation or -inactivation voltage, and k is the slope factor. Recordings with series resistance (Rs) of >25 MΩ in the soma or >35 MΩ in the bleb were discarded. At rest, the measured input resistance of blebs was much higher (>20-fold) than Rs without blocking K + channels (Yang et al. 2013) . Although the input resistance would decrease during Na + current flow, the blockade of K + channels in our experiments would further increase the input resistance and reduce the voltage clamp error. In addition, considering the high risk of damage of the axonal recording induced by the oscillation of Rs compensation, particularly during long recordings with pharmacological treatments, we chose not to apply Rs compensation. In a subset of recordings, we also applied Rs compensation (∼75% correction) and obtained similar results showing inhibitory effect of 5-HT on AIS Na + current with those without compensation ( Supplementary Fig. 2 ). Only V m values for voltage-dependent properties of Na + currents were corrected for a liquid junction potential of 6 mV.
To investigate the effect of 5-HT 1A receptor activation on AP backpropagation from the axon to the soma, we performed dual somatic and bleb recordings both in current-clamp mode with an internal solution containing (in mM) 140 KGluconate, 3 KCl, 2 MgCl 2 , 10 HEPES, 0.2 EGTA, and 2 Na 2 ATP. The V m was filtered at 10 kHz and sampled at 50 kHz by a 1401 Micro3 with Spike2 software (CED, Cambridge, UK). The voltage threshold of AIS potentials (i.e., AP threshold) was defined as the voltage at which the time derivative of V m (dV/dt) reached 20 V/s, and that of SD potential was defined as the voltage at which dV/dt is 20 V/s above the maximum curvature of the trough between the AIS and SD potentials in the phase plot. The V m values (in current-clamp recordings) presented in text and figures were not corrected for a liquid junction potential of 16 mV.
Immunostaining and Western Blot
In order to trace the axon and label the recorded cell, we added Alexa Fluor 488 (200 μM) and biocytin (0.2%) to the internal solution. After recording, rat brain slices were fixed in 8% PFA and 8% sucrose (wt/vol) in 0.1 m PB (pH 7.4) for 1 h. They were then rinsed in 0.01 m PBS 3 times, incubated in 0.5% Triton X-100 for 0.5 h and in blocking solution (10% BSA) for 1 h. Slices were then incubated with the primary antibody (rabbit, S5545, 1:500, Sigma-Aldrich) against 5-HT overnight at 4°C. After a complete wash in PBS, the slices were incubated in the Streptavidin, Alexa Fluor 594 conjugate (S-11227, 1:1000, invitrogen) and the Alexa Fluor 488 donkey anti-rabbit IgG (A-21206, 1:1000, invitrogen) for 2 h at room temperature. Confocal images were taken with a laser scanning confocal microscope (Nikon A1, Japan) with a 40× objective. We obtained z-stack images of the labeled cells with an interval of 1 μM.
For western blot, 5-10 μg homogenized cortical proteins were loaded on each lane and electrophoretically separated on an SDS-PAGE gel (10%). The antibodies used were anti-Na V 1.6 (rabbit, ASC-009, 1:200, Alomone), anti-Na V 1.2 (mouse, 73-024, 1:200, Neuromab), anti-α-Tubulin (mouse, 1:10000, Sigma). Relative protein content was normalized to α-tubulin for comparison.
Optical Stimulation in Brain Slices
ChR2-expressing neurons in the dorsal raphe nucleus (DRN) were identified by the expression of EYFP. Layer-5 PCs in PFC slices and the surrounding serotonergic fibers that expressed ChR2-EYFP were identified by DIC and fluorescence microscopy, respectively. For light stimulation, the tip of an optical fiber (core diameter: 200 μM) coupled to a 473-nm laser was placed ∼1 mM above the bath surface, ensuring that the beam covered the recording site. For optical stimulation of neurons in DRN, we delivered trains of 10 light pulses (20-30 ms per pulse) at 5-10 Hz. For stimulating serotonergic fibers in PFC slices, 10 light pulses (50 ms per pulse) at 5 Hz were delivered 500-700 ms before each axonstimulation trial (∼20 trials in total). The delivery of light pulses was controlled by Master-8 (AMPI, Israel). 
Simulations
Simulations were performed in a computational model that has been described before (Hu et al. 2009 ). This model was implemented in a layer 5 cortical PC (Mainen et al. 1995) using the NEURON simulation environment (Hines and Carnevale 1997) . It captured the segregated distribution pattern of proximal-Na V 1.2 and distal-Na V 1.6 at the AIS. To match the 80% success rate of AP backpropagation observed in this study, we increased the density of Na V 1.2 channels by 5% in all AIS compartments. We then shifted the V 1/2 of Na V 1.2 activation curve (without changing the fast inactivation) to examine the success rate of AP backpropagation. For slow inactivation, because 5-HT decreased the channel availability to a similar extent (∼10%) in a large range of physiological V m levels (from −80 to −20 mV), we simply changed the availability of channels by scaling the density of Na V 1.2 in AIS compartments of the model.
Statistics
We plotted figures using normalized data but performed statistical test using raw data. All data were presented as mean ± s.e.m. Error bars in figures also represent s.e.m. For paired observations, two-tailed paired t-test was used to examine the significance level of difference between groups with normal distribution (P > 0.05, Shapiro-Wilk's test); non-normal data were compared by Wilcoxon matched-pairs signed-rank test. For two independent observations, two-sample t-test was used for data passed normality test; non-normal data were compared using Wilcoxon rank-sum test. Unless otherwise specified, student t-test was used in the main text and figures. Indications of significance level are as follows: *P < 0.05; **P < 0.01, and ***P < 0.001.
Results
Serotonergic Modulation of AIS Na + Currents
Immunostaining in PFC slices revealed dense distribution of 5-HT-positive fibers surrounding the perisomatic regions including the AIS of PCs (Fig. 1A ). Considering that VGSCs at the AIS are responsible for AP initiation and propagation, we sought to investigate whether these Na + channels are subjected to serotonergic modulation. We obtained whole-cell Na + currents through recording from axonal blebs formed at the AIS (AIS blebs), that is, <40 μM from the soma, of PCs in rat PFC slices (Fig. 1B) . Immediately after a 30-ms prepulse from −60 to −90 mV, a train of 50 voltage steps (2 ms in duration, from a holding potential of −60 mV to 0 mV) at 50 Hz was delivered to the axonal bleb to evoke Na + currents (Fig. 1B,C ). Bath application of 30 μ 5-HT decreased the peak amplitude of Na + currents evoked by the first pulse (I 1 ) to 93.8 ± 2.3% of control when all recordings were pulled together (P < 0.05, n = 47 cells). We then compared the current amplitudes for each cell before and after 5-HT application (two-sample t-test or Wilcoxon rank-sum test) and divided the cells into three groups depending on the significance level of difference: inhibition, facilitation, and no change. In 44.7% of cells examined, 5-HT significantly decreased I 1 to 81.0 ± 2.2% of control (P < 0.001, n = 21/47. Fig. 1C-E ), whereas in a subset of cells (23.4%, n = 11/47), 5-HT increased the currents to 111 ± 4% of control (P < 0.05. Fig. 1E ). No significant change was observed in the rest 31.9% cells (to 99.3 ± 0.6% of control, P = 0.84, n = 15/47. Fig. 1E ). Na + currents evoked by the last pulse (I 50 ) exhibited similar changes after 5-HT application (inhibition: to 77.5 ± 2.9%, P < 0.001; facilitation: 114 ± 3%, P < 0.01; no change: 99.8 ± 1.4%, P = 0.51). The inhibitory and facilitatory effects of 5-HT on AIS Na + currents in PCs may result from the activation of two dominant serotonergic receptors, 5-HT 1A and 5-HT 2 receptors, respectively. Since both receptors co-expressed in the majority of PCs in PFC (Feng et al. 2001; Artigas et al. 2004; Santana et al. 2004) , the sign of modulation (inhibition or facilitation) depends on the ratio of 5-HT 1A to 5-HT 2 expression levels. Indeed, in the presence of 5-HT 2 receptor antagonist ketanserin (10 μM), no facilitatory effect was observed (n = 12, see below).
Role of 5-HT 1A Receptor in Mediating the Inhibition of AIS Na + Currents
To investigate whether the inhibitory effect of 5-HT on AIS Na + currents was mediated by 5-HT 1A receptors, we first employed the receptor agonist DPAT and antagonist Way100635. In rat PFC slices, bath application of DPAT (10 μ) significantly decreased the peak amplitude of I 1 and I 50 to 79.8 ± 2.0% (P < 0.001, Supplementary Fig. 3A ) and 70.0 ± 4.7% of control (P < 0.001, n = 9), respectively. Interestingly, the inhibitory effect of DPAT could not be blocked with the pretreatment of 5 μ Way100635 (I 1 : to 77.8 ± 4.7%, P < 0.01, Wilcoxon test; I 50 : to 74.3 ± 5.1%, P < 0.01, n = 9, Supplementary Fig. 3B ). Since DPAT may also activate 5-HT 7 receptors (Markstein et al. 1999) , we then examined whether DPAT-induced inhibitory effect could be blocked by 5-HT 7 antagonist SB269970. The presence of 10 μ SB269970 in the bath partially blocked the effect of DPAT; I 1 and I 50 were decreased to 92.3 ± 2.3% (P < 0.05, Supplementary Fig. 3C ) and 91.9 ± 6.2% of control (P = 0.16, n = 8). These results suggest that DPAT binds to 5-HT 7 , and probably other receptors, to mediate its inhibitory effect on AIS Na + currents.
In contrast, the inhibitory effect of 5-HT could be completely blocked by Way100635. Bath application of 5-HT in the presence of 10 μ ketanserin decreased the peak amplitude of I 1 and I 50 to 86.2 ± 3.5% (P < 0.05. Fig. 2A ) and 84.3 ± 4.7% of control (P < 0.05, n = 12), respectively. Pretreatment of the slices with Way100635 could completely abolish this reduction (I 1 : to 98.6 ± 2.5%, P = 0.56, Wilcoxon test; I 50 : to 95.0 ± 4.4%, P = 0.23, n = 6. Fig. 2B ), suggesting a predominant role of 5-HT 1A receptors. Therefore, to examine the role of 5-HT 1A receptors in regulating axonal Na + currents, we chose to use 5-HT (with ketanserin in the bath), instead of DPAT, to activate 5-HT 1A receptors in the following experiments unless otherwise stated. Considering that most of PCs in PFC express 5-HT 1A receptors and only inhibitory effect was observed in our experiments, we pulled all recordings together for analysis. We further examined the involvement of 5-HT 1A receptor in the inhibitory modulation by using 5-HT 1A R −/− mice. In wildtype mice, bath application of 5-HT to the slice pretreated with ketanserin reduced AIS Na + current I 1 and I 50 to 73.3 ± 3.7% (P < 0.01. Fig. 2C ) and 63.2 ± 7.0% of control (P < 0.05, n = 7); in 5-HT 1A-R −/− mice, however, we observed no significant reduction in the current amplitude of I 1 (to 98.2 ± 2.9%, P = 0.49. Fig. 2D ) and I 50 (96.9 ± 10.0%, P = 0.60, n = 5). Together, these results indicate that the inhibitory effect of 5-HT on AIS Na + currents is mediated by the activation of 5-HT 1A receptors.
Selective Modulation of AIS (but not Axon-trunk) Na + Channels
Next, we examined whether Na + channels distributed at the axon regions beyond the AIS (i.e., axon trunk) could be also modulated by 5-HT 1A receptors. Blebs with distance longer than 70 μM were considered as axon-trunk blebs (Fig. 3A) . The Na + currents obtained from AIS blebs may result from the activation of both Na V 1.2 and Na V 1.6, the two Na + channel subtypes found at the PC AIS; in contrast, currents recorded at axon-trunk blebs may purely result from the activation of Na V 1.6 (Hu et al. 2009 ). Different from the results obtained at AIS blebs (see Fig. 2A ), no significant change in current amplitude was observed at axon-trunk blebs (Fig. 3B) . The amplitudes of I 1 and I 50 were 99.1 ± 1.1% (P = 0.36) and 99.9 ± 3.2% of control (P = 0.86, n = 8) after 5-HT application, respectively. The absence of modulation of axon-trunk Na + currents suggests two possibilities, one is that 5-HT 1A receptors selectively modulate proximal Na + channels regardless of their subtypes, the other is that they selectively modulate Na V 1.2 because this channel subtype only expresses at the proximal AIS and is absent from axon trunk.
Selective Modulation of AIS Na V 1.2 Channels
Next, we sought to further investigate whether the activation of 5-HT 1A receptors could modulate Na V 1.2 but not Na V 1.6 channels. To isolate Na V 1.6-mediated currents from AIS Na + currents, we used Phrixotoxin-3 (20 nM) to selectively block Na V 1.2-mediated currents in PC axons (Li et al. 2014 ). In the presence of Phrixotoxin-3 and ketanserin, AIS Na + currents showed no significant change after the application of 5-HT (I 1 : to 96.9 ± 1.2%, P = 0.16, Wilcoxon test; I 50 : to 99.5 ± 3.5%, P = 0.66, n = 7. Fig. 3C ), suggesting that Na V 1.6 channels are not subjected to serotonergic modulation.
Since there is no specific channel blocker for Na V 1.6, we chose to obtain relatively pure Na V 1.2 currents in Na V 1.6 −/− mice. Previous studies showed that Na V 1.2 channels are compensatorily upregulated in Na V 1.6 −/− mice (Vega et al. 2008) . Indeed, our western blot experiments showed an increase in Na V 1.2 by 44.4 ± 8.9% in 5-HT 1A R −/− mice, no reduction in the current amplitude. *P < 0.05; **P < 0.01.
Na V 1.6 −/− mice (n = 3 mice. Fig. 4A ). In wild-type mice, bath application of 5-HT and ketanserin decreased the I 1 and I 50 of AIS Na + currents (mediated by both Na V 1.2 and Na V 1.6 channels) to 67.1 ± 3.2% (P < 0.001. Fig. 4B ) and 64.2 ± 5.9% of control (P < 0.01, n = 5), respectively. In contrast, similar experiments in KO mice showed a greater reduction in AIS Na + currents that were mediated solely by Na V 1.2. The I 1 and I 50 were decreased to 46.0 ± 2.1% (P < 0.01. Fig. 4C ) and 20.9 ± 3.9% of control (P < 0.05, n = 5), respectively. However, axon-trunk Na + currents in KO mice (mediated by Na V 1.2) showed no significant change (I 1 : to 101 ± 1%, P = 0.19; I 50 : to 101 ± 3%, P = 0.87, n = 6. Fig. 4D ). These results suggest that the activation of 5-HT 1A receptors selectively modulates AIS Na + channels, and specifically the channel subtype Na V 1.2.
Changes in Voltage Dependence of Na + Channels
Serotonergic modulation of Na + currents could be attributable to changes in channel gating properties; we therefore examined the voltage dependence of Na + channels in outside-out patches +/+ , NaV1.6 +/− and NaV1.6 −/− mice. The marker stands for 250 kD in NaV1.6 and NaV1.2, and 55 kD in α-tubulin. Middle and right, comparison of normalized signal intensity of NaV1.6 and NaV1.2 among different mice (n = 3 mice for each group). Note the absence of NaV1.6 signal and upregulation of NaV1.2 signal in NaV1.6 −/− mice. (B) In NaV1.6 +/+ mice, bath application of 5-HT substantially decreased AIS Na + currents. (C) Similar experiments in Na V 1.6 −/− mice showed a greater reduction in AIS Na + currents. (D) Na + currents obtained at axon-trunk blebs in Na V 1.6 −/− mice showed no change. **P < 0.01; ***P < 0.001.
excised from AIS blebs in the absence or presence of 5-HT (both with ketanserin). Immediately after the formation of outside-out patch configuration, we applied a series of voltage commands to obtain the activation and fast-inactivation curves. We found that 5-HT could induce a depolarizing shift of the activation curve (Fig. 5A ). The V 1/2 of activation in control and 5-HT-treated blebs were −35.0 ± 1.1 mV (n = 18) and −28.9 ± 0.9 mV (n = 17, P < 0.001, Fig. 5A,B) , and the slopes were 5.54 ± 0.23 and 4.77 ± 0.28 (P < 0.05), respectively. In contrast, we observed no significant difference in the voltage dependence and the slope of fast inactivation (V 1/2 : −62.4 ± 0.8 mV, n = 26 vs. −62.9 ± 0.8 mV, n = 33, P = 0.61; slope: 5.49 ± 0.21 vs. 5.38 ± 0.18, P = 0.69. Fig. 5A,B) . For outside-out patches excised from axon-trunk blebs, both V 1/2 (control: −39.6 ± 0.8 mV, n = 25; 5-HT: −39.4 ± 1.3 mV, n = 18, P = 0.89, Fig. 5C ,D) and slopes (5.28 ± 0.28 vs. 4.92 ± 0.29, P = 0.38) showed no obvious change. Similarly, voltage dependence of fast inactivation also showed no significant change (control: −72.3 ± 1.5 mV, n = 21; 5-HT: −71.3 ± 2.3 mV, n = 16, P = 0.70; slopes: 6.27 ± 0.25 vs. 6.18 ± 0.25, P = 0.79, Fig. 5C,D) .
To examine the voltage dependence of slow inactivation, we performed recordings from blebs immediately after mechanical isolation from the axon. We found that 5-HT could promote slow inactivation when a test pulse from −100 to 10 mV was used (Fig. 5E ). The V 1/2 in control and 5-HT-treated AIS blebs were −68.9 ± 4.1 (n = 15) and −80.5 ± 2.1 mV (n = 21, P < 0.05, Fig. 5E,F) , and the slopes were 25.2 ± 5.3 and 20.3 ± 2.1 (P = 0.35, Wilcoxon test), respectively. As shown in Figure 5E , the channel availability decreased ∼10% at V m of −80 to −20 mV. For isolated axon-trunk blebs, both V 1/2 (control: −70.5 ± 4.1 mV, n = 10; 5-HT: −68.1 ± 4.0 mV, n = 16, P = 0.70, Fig. 5E ,F) and slopes (30.5 ± 3.5 vs. 27.4 ± 2.8, P = 0.50) showed no obvious change. These results indicate that the inhibitory effect of 5-HT 1A receptors on AIS Na + currents could be also attributed to the promotion of slow inactivation. Due to this promotion of slow inactivation, inhibition of AIS Na + currents should still occur with larger (more depolarized) test pulses. However, we found no significant difference in voltage dependence of slow inactivation in isolated AIS-bleb recording when we used a test pulse from −100 to 40 mV (V 1/2 in control: −69.3 ± 2.7 mV, n = 25; 5-HT-treated bleb: −70.3 ± 2.2 mV, n = 28, P = 0.79; slope: 22.4 ± 1.6 vs. 22.0 ± 1.9, P = 0.86, Supplementary  Fig. 4 ). Similarly, with a larger test pulse (50 mV) in intact-bleb recording, we also found no significant change in Na + currents after 5-HT application (I 1 : to 99.1 ± 0.6% of control, P = 0.22, Wilcoxon test; I 50 : to 102 ± 2%, P = 0.44, n = 6, Supplementary Fig. 4 ). Together, these results indicate that the inhibitory effect of 5-HT 1A receptors on AIS Na + currents results from a change in channel activation and slow inactivation, but not fast inactivation. The absence of modulation with larger test pulses suggests a complex interaction of gating mechanisms of activation and slow inactivation.
Regulation of AP Backpropagation
The slow inactivation of Na + channels would result in slow adaptation and even failure of AP generation in neocortical pyramidal neurons (Fleidervish et al. 1996) and contribute to AP backpropagation attenuation in hippocampal pyramidal neurons (Jung et al. 1997) . Activation of Na V 1.2 channels at the proximal AIS regions has been shown to promote AP backpropagation to the somatodendritic compartments, removal of these channels can cause AP backpropagation failure (Hu et al. 2009 ). We therefore speculated that the inhibition of channel activation and the facilitation of slow inactivation of AIS Na V 1.2 induced by 5-HT 1A receptor activation may regulate AP backpropagation. In these experiments, the soma and the bleb were recorded both in current-clamp mode. We applied 50 current pulses (duration: 0.8 ms per pulse, amplitude: ∼1 nA) at the axonal bleb to reliably evoke trains of APs (Fig. 6A ) and monitored the occurrence probability of somatic APs, that is, the success rate of AP backpropagation (Fig. 6B) . For 50 Hz APs, the success rate was decreased from 76.7 ± 3.5% to 56.4 ± 5.1% (P < 0.01, n = 7) after the application of 5-HT and ketanserin in wild-type mice (Fig. 6C ). This decrease was not observed in 5-HT 1A R −/− mice (from 89.8 ± 3.0% to 90.4 ± 2.7%; P = 0.48, n = 7. Fig. 6D ). Similar results could be obtained when we stimulated the axon at 100 Hz, the success rate decreased from 84.5 ± 3.4% to 71.1 ± 3.4% (P < 0.01, n = 9) after 5-HT application in wild-type mice, whereas no change (72.6 ± 5.0 vs. 70.9 ± 4.9%, P = 0.08, n = 8) was observed in 5-HT 1A R −/− mice.
Close examination of these evoked somatic APs revealed two components, the initial AIS potential and the late SD potential (Fig. 6B) . Bath application of 5-HT caused a slight depolarizing shift of the SD-potential threshold from −11.7 ± 3.9 to −8.9 ± 3.2 mV (P < 0.05, Wilcoxon test) but not the AIS-potential threshold (from −55.6 ± 1.8 to −54.3 ± 1.4 mV, P = 0.38, n = 6) in wild-type mice. No significant change in both SD-potential threshold (from −10.5 ± 1.6 to −9.9 ± 1.8 mV, P = 0.10) and AIS-potential threshold (from −53.6 ± 1.1 to −53.1 ± 1.3 mV, P = 0.69, n = 6. Wilcoxon test, Supplementary Fig. 5 ) was observed in 5-HT 1A R −/− mice.
To investigate whether endogenous release of 5-HT could regulate AP backpropagation, we performed recordings from PFC PCs in Sert-Cre::Ai32 (Rosa-CAG-LSL-ChR2(H134R)-EYFP-WPRE) mice and activated ChR2-expressing serotonergic fibers by 473-nm laser. Similar wide-field light stimulation (20-50 ms in duration, 5-10 Hz) could reliably evoke APs in serotonergic neurons in DRN identified by the expression of EYFP (Fig. 7A) . In PFC slices, we could observe dense EYFP-positive fibers surrounding layer-5 PCs (Fig. 7B) . Similar to the bath application of 5-HT, light stimulation in the presence of ketanserin could decrease the success rate of AP backpropagation. In this experiment, we chose a certain frequency (ranged from 50 to 100 Hz) of axon stimulation that could cause failure of ∼5 somatic APs in control condition, the average success rate decreased from 91.0 ± 1.2% to 78.7 ± 1.4% (P < 0.001, n = 7. Fig. 7C ) after light stimulation. This decrease could be blocked by 5 μM Way100635 (no light: 89.7 ± 1.1%; light: 91.7 ± 1.8%, P = 0.09, n = 6. Fig. 7D ). We next used a NEURON model that captured the segregated distribution pattern of Na V 1.2 and Na V 1.6 at the AIS (Hu et al. 2009 ) to investigate the role of observed changes of channel activation and slow inactivation in regulating AP backpropagation. Depolarizing the V 1/2 of AIS Na V 1.2 alone would substantially decrease the success rate of AP backpropagation (Fig. 8A,B) . Similar inhibitory effect could be observed if the availability of Na V 1.2 channels at the AIS was scaled down (Fig. 8A,C) . These simulation results suggest that inhibition of channel activation and facilitation of slow inactivation of AIS Na V 1.2 are both sufficient to cause AP backpropagation failure.
Together, our results demonstrate that the activation of 5-HT 1A receptors selectively inhibits Na V 1.2-mediated Na + currents at the AIS by shifting the activation curve toward depolarizing potentials and promoting slow inactivation, and this inhibitory effect can cause failure of AP backpropagation toward the somatodendritic compartments in PCs. Considering the critical role of AP backpropagation in mediating synaptic plasticity at the dendrites, we provide here a potential cellular mechanism for the involvement of 5-HT 1A receptors in regulating cortical information processing and PFC functions.
Discussion
Previous findings in spinal motoneurons showed that 5-HT could activate AIS 5-HT 1A receptors and consequently inhibit Na + currents responsible for AP generation (Cotel et al. 2013 ). Here we revealed that the modulation of axonal Na + channels in cortical
PCs by 5-HT 1A receptors is both location and channel subtype specific. Activation of 5-HT 1A receptors selectively reduces Na + currents at the AIS but not those at the axon trunk and selectively inhibits those mediated by Na V 1.2 channels but not Na V 1.6 channels. Importantly, we also demonstrate that this modulation results from a depolarizing shift of the channel activation curve and a decrease in channel availability (Fig. 5) . The inhibitory effect of 5-HT 1A receptors on AIS currents dramatically decreases the success rate of AP backpropagation toward the somatodendritic compartments, thus plays a critical role in the regulation of neuronal excitability and synaptic plasticity. Since the majority of PFC cells expresses both 5-HT 1A and 5-HT 2A mRNA (Feng et al. 2001; Artigas et al. 2004; Santana et al. 2004 ) and they mediate opposite physiological effects, the sign of 5-HT-induced modulation of axonal Na + currents (Fig. 1) , inhibition or facilitation, in a given PC may depend on the ratio of expression levels of these receptor subtypes. As expected, the inhibitory effect of 5-HT 1A receptor could be uncovered by 5-HT 2 receptor antagonist ketanserin ( Fig. 2A) . However, previous findings in dissociated PFC PCs demonstrated that the activation of 5-HT 2 receptors decreased whole-cell Na + currents and dendritic excitability via the activation of PKC (Carr et al. 2002) , suggesting that the sign of modulation may also depend on the location (somatodendritic vs. axonal) and the subtype of Na + channels. Because 5-HT-mediated inhibition of AIS Na + currents was completely abolished by Way100635 and in 5-HT 1A R −/− mice, the contribution of other 5-HT receptors to this regulation could be neglectable in our experiments. Interestingly, our results also show that DPAT substantially decreased AIS Na + currents, and this effect could be partially blocked by SB269970 but not Way100635 (Supplementary Fig. 3 ). These findings suggest a modulatory role of 5-HT 7 receptors that needs to be further examined.
In our experiments, Na + currents obtained at the AIS were subjected to modulation upon the activation of 5-HT 1A receptors (Fig. 2A) ; however, those obtained at the main axon trunk beyond the AIS showed no modulation (Fig. 3B ). Because AIS currents were mediated by both Na V 1.2 and Na V 1.6 and axon-trunk currents were mediated by Na V 1.6 only (Hu et al. 2009 ), the selective modulation of AIS Na + currents could be subtype specific, that is, 5-HT 1A receptors may preferentially regulate Na V 1.2. Indeed, results from pharmacological blockade of Na V 1.2 (Fig. 3C ) and the use of Na V 1.6 −/− mice (Fig. 4B,C) support this speculation.
The channel subtype-specific modulation could be attributable to differences in protein structure. The intracellular loop connecting homologous domain I and II of the channel α subunits contains many relevant phosphorylation sites (Scheuer 2011 ). The propensity of those sites for phosphorylation as determined with the Scansite 2.0 algorithm (Smith and Goldin 1997) suggests that serine 573 is required for the regulation of Na V 1.2 channels by PKA and/or PKC (Schiffmann et al. 1995; Smith and Goldin 1997; Cantrell et al. 2002) . Interestingly, the sequence context is different in Na V 1.6, making it unlikely to be phosphorylated and largely refractory to modulation by PKA or PKC . Deletion of Na V 1.6 channels in Na V 1.6 −/− does not alter the dopaminergic regulation of persistent Na + currents via the PKA pathway (Maurice et al. 2004) , suggesting a lack of PKA phosphorylation sites in Na V 1.6 channels. PKA-dependent phosphorylation is generally reported to decrease Na + currents (Gershon et al. 1992; Li et al. 1992) ; however, facilitatory effect has been also observed (Matsuda et al. 1992; Smith and Goldin 1992; Li et al. 1993) . Previous studies showed that PKC phosphorylates serine 1506 in the inactivation gate of Na V 1.2 (West et al. 1991) as well as serine 554, 573 and 576 in the I-II loop (Cantrell and Catterall 2001; Cantrell et al. 2002) , whereas PKA only phosphorylates sites in the I-II loop but not the III-IV loop responsible for channel inactivation (Cantrell and Catterall 2001) . Phosphorylation of Na V 1.2 by PKA and PKC would increase slow channel inactivation (Carr et al. 2003; Chen et al. 2006 Chen et al. ,2008 . Indeed, activation of 5-HT 1A receptors promoted slow inactivation of AIS Na + currents, the channel availability decreased by ∼10% at V m of −80 to −20 mV (Fig. 5E) . Interestingly, this effect was abolished if a larger test pulses (from −100 to 40 mV) was used (Supplementary Fig. 4C ), suggesting a complex interaction between gating mechanisms of activation and slow inactivation (Ruben et al. 1992; Bendahhou et al. 1999 ) that needs to be further examined. However, the results that the activation of 5-HT 1A receptors regulates slow but not fast inactivation supports the long-held view that they are two distinct processes (Rudy 1978 ). An alternative explanation for the selective modulation of AIS Na + channels is the spatial separation of distal Na + channels from the somatodendritic or perisomatic regions enriched with 5-HT 1A receptors. Our results also indicate a spatial selectivity of channel modulation. In Na V 1.6 −/− mice, axon-trunk Na + currents that were presumably mediated by Na V 1.2 channels (Li et al. 2014) exhibited no significant change upon the activation of 5-HT 1A receptors, whereas AIS Na + currents were substantially decreased.
These results suggest a close proximity of the receptor to Na V 1.2 channels. Indeed, immunostaining results revealed strong signals of 5-HT 1A receptors at the proximal AIS (DeFelipe et al. 2001; Czyrak et al. 2003; Cruz et al. 2004 ), corresponding to the accumulation region of Na V 1.2 channels. However, previous studies also revealed a somatodendritic distribution pattern of 5-HT 1A receptors (Azmitia et al. 1996; Kia et al. 1996; Riad et al. 2000) . Due to the lack of suitable antibodies, it is still difficult to reveal the subcellular distribution of these receptors. A recent electrophysiological study, however, supports the AIS distribution pattern; a dramatic reduction of AP generation in turtle spinal motoneurons was observed only when 5-HT 1A receptor agonist was applied to a hot spot at the AIS (Cotel et al. 2013 ). An axon cut might cause redistribution of Na + channels and these receptors. However, the segregated distribution pattern of channel subtypes at the AIS was preserved, channel densities at the bleb and the main trunk were similar (Hu et al. 2009 ). Acute axotomy may cause reorganization of intracellular cytoskeleton at the bleb and free channel proteins that are normally anchored to cytoskeletons. Similar to channel proteins, the distribution pattern and density of 5-HT 1A receptors may remain similar after acute axotomy.
Whether the cytoskeleton reorganization could disrupt the interaction of 5-HT 1A receptors with their adaptor proteins at the bleb needs to be further examined. However, the modulatory role of the receptors at axonal regions next to the bleb could be still intact because cytoskeleton may not be disrupted in these regions, as reflected by strong immunosignals for ankyrin-G (Hu et al. 2009 ).
In our experiments, we delivered electrical stimulation at the axonal bleb to evoke trains of APs with relatively high frequencies. AP initiation at axon regions remote from the AIS could occur under pathological (Pinault 1995) and physiological conditions (Clark et al. 2005; Papatheodoropoulos 2008; Bahner et al. 2011; Sheffield et al. 2011; Dugladze et al. 2012) . These ectopic APs are associated with fast network oscillations such as gamma (30-80 Hz) and ultrafast ripple oscillations (80-200 Hz), which could be crucial for memory consolidation (Girardeau et al. 2009 ). Invasion of the somatodendritic compartments by backpropagating APs would cause the generation of long-lasting dendritic Ca 2+ spikes and the removal of Mg 2+ from NMDA receptor channels, leading to synaptic plasticity (Sjostrom et al. 2001; Kampa et al. 2004 Kampa et al. , 2006 . Failure of AP backpropagation (indicated by somatic spikelets) has been observed in neocortical and hippocampal PCs (Roopun et al. 2006; Harvey et al. 2009; Maier et al. 2011) . Activation of the AIS-targeting GABAergic cells could inhibit AP backpropagation toward the soma and separate the activity of axonal compartments from that of somatodendritic regions, ensuring functional polarization in the dendro-axonal axis of PCs (Dugladze et al. 2012 ). Our results demonstrate that the activation of 5-HT 1A receptors decreases the success rate of AP backpropagation toward the soma by inhibiting the AIS Nav1.2-mediated currents and increasing the SD-potential threshold. In agreement with that Nav1.6 channels are resistant to 5-HT 1A modulation and they determine the threshold of AP initiation (Hu et al. 2009 ), we found no change in AP threshold (i.e., AIS-potential threshold) after 5-HT application. However, in turtle spinal motoneurons, focal application of DPAT would increase the AP threshold (Cotel et al. 2013 ). This disagreement could be attributable to differences in cell types, CNS regions, and species. Functionally, the serotonergic modulation of AP backpropagation may contribute to the maintenance of neuronal functional polarization, the modulation of synaptic plasticity, and thus the regulation of PFC functions. On the other hand, malfunction of this modulation may lead to certain types of brain diseases such as schizophrenia and depression.
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